ABSTRACT The driver-stage envelope-injection power amplifier (EIPA) consisting of the wideband linear amplifier with the envelope amplitude and phase shaping functions is proposed. This SiGe BiCMOS EIPA is implemented without the switch amplifier and the off-chip inductor used in the conventional envelope tracking circuit. To improve the in-band distortion and the out-of-band intermodulation of power amplifier, the envelope amplitude and phase shaping functions of the driver-stage EIPA are investigated to equally generate the two-tone fundamental terms and symmetrically minimize the third-order intermodulations (IM3s) by using the three-tone harmonic balance analysis. The maximum linear output power of the driver-stage EIPA with the corresponding envelope amplitude and phase shaping functions is 23.5 dBm for -30-dBc thirdorder intermodulation distortion (IMD3) specification. The 2.35-GHz 256-quadrature amplitude modulation Time-Division Duplexing signal with the 50-MHz bandwidth is applied to validate the usefulness of the driver-stage EIPA for 5G New Radio (NR) applications. Compared to the conventional envelope tracking PA and the dc-supply PA, the measured results show that the out-of-band noise of the proposed driverstage EIPA is significantly reduced and the maximum average output power is increased from 21 dBm to 23.5 dBm at the -30-dBc adjacent channel leakage ratio (ACLR) specification and the ACLR and error vector magnitude are improved by 5 dB and 1.3 % at 23.5-dBm average output power, respectively.
I. INTRODUCTION
Rapidly growing demand for ubiquitous wireless connectivity with high data rates, high connection density, high spectral efficiency, and low network latency is driving the deployment of fifth generation (5G) wireless communication system by 2020 [1] - [3] . To support the high-order modulation scheme,
The associate editor coordinating the review of this article and approving it for publication was Vittorio Camarchia. the multiple access technique, and the inter-band/intra-band carrier aggregation required for 5G standards, the highlinearity power amplifier (PA) is essential to meet the stringent requirement in 5G radio transceiver design [4] . Fig. 1 presents the conventional envelope-tracking power amplifier (ETPA) and the proposed driver-stage envelopeinjection power amplifier (EIPA) that satisfy the strict PA performance for the modulation signal with wide bandwidth and high peak-to-average-power-ratio (PAPR). The two-stage conventional ETPA, which simultaneously uses the envelope tracking (ET) technique on the power stage and the driver stage of PA, is proposed to reduce the current consumption ( Fig. 1(a) ) [5] , [6] . However, the adjacent channel leakage ratio (ACLR) of two-stage ETPA is larger than the conventional power-stage ETPA because of the significant distortion caused by the power stage and the driver stage of PA [7] .
To further reduce the ACLR of PA, the digital predistortion (DPD) is implemented to achieve the excellent ACLR suppression for the modulation signal [8] - [11] . In Fig. 1(b) , the DPD feedback path including a coupler, an attenuator, a filter, a local oscillator (LO), a mixer, and a high-speed analog-to-digital converter (ADC) are implemented to compensate the linearity degradation of the power-stage ETPA. Moreover, the wide signal bandwidth and low power consumption ADC, mixer and LO are critical and challenging for the DPD implementation in the wideband PA application [12] . Hence, the DPD technique for improving PA linearity is sophisticated, power-consuming, high cost and narrow bandwidth, and is not suitable for mobile handset devices.
These conventional envelope-tracking (ET) circuits in Fig. 1(a) and Fig. 1 (b) comprise a linear amplifier and a switch amplifier with an off-chip inductor [13] - [17] . The linear amplifier can only supply small voltage swing to compensate the high-frequency variation of the envelope signal. The switch amplifier limits the operating bandwidth of ETPA and the low-Q off-chip inductor reduces the efficiency of ETPA [18] - [20] . Most importantly, the out-of-band noise of the conventional ETPA will appear at the receiving band and degrade the receiver sensitivity [21] , [22] . By further investigating the out-of-band noise, several studies have pointed out that the switch amplifier is the major source of the out-of-band noise [5] , [23] . If the transceiver is simultaneously operated in 5G New Radio (NR) Band-40 and WiFi 802.11b/g/n standards, the out-of-band noise generated by the ETPA for 5G NR Band-40 might be within the receiving band of WiFi 802.11b/g/n. Hence, the sensitivity of WiFi 802.11b/g/n receiver is degraded. The envelope-injection (EI) power amplifier for the efficiency improvement was proposed by injecting the envelope signal into the biasing node of the power amplifier to reshape the output voltage [24] . However, the output node is sensitive to the input envelope biasing node because of the high transconductance gain between the gate and the drain. Therefore, the linearity of the presented EIPA is degraded, and the complex DPD is still needed to compensate the nonlinearity [25] .
Moreover, the dynamic supply voltage of ETPA is determined by the envelope shaping function to decide how the supply voltage varies according to the envelope of RF input signal [26] . The shaping function for linearity improvement is formulated either to maintain the constant gain or to track the third-order intermodulation distortion (IMD3) sweet spots [27] . The conventional shaping function for maximizing efficiency is presented by keeping the PA operating at gain compression points [28] . To obtain the maximum efficiency or linearity, the mapping between the RF input envelope and the ETPA envelope supply voltage has been examined [29] , [30] . However, these conventional ETPA studies were implemented by combining the linear amplifier and the switch amplifier with a low-Q off-chip inductor, and their envelope shaping functions depend only on the formulation of the envelope amplitude of PA collector/drain voltage and the RF input voltage. No study has yet proposed the efficient envelope tracking or injecting design by simultaneously considering the envelope amplitude and phase shaping functions to enhance the PA linearity and reduce the out-of-band noise for 5G standards.
In this work, a novel driver-stage EIPA shown in Fig. 1(c) , consisting of the wideband linear amplifier with the envelope amplitude and phase shaping functions on the collector of the PA driver stage, is implemented to improve the in-band and out-of-band characteristics of 5G signal, such as error vector magnitude (EVM), ACLR, and IMD3. Hence, the complex, high-noise, and bandwidth-limited switch amplifier is removed and the off-chip inductor is omitted in the driverstage EIPA design. Thus, the minimum out-of-band noise is achieved, the operating bandwidth is extended, and the linearity is enhanced by using the wideband linear amplifier with the corresponding envelope amplitude and phase shaping functions. To the best of our knowledge, this paper presents the first wide bandwidth, low out-of-band noise, and high linearity driver-stage EIPA for the 2.35 GHz 5G NR Time-Division Duplexing (TDD) signal with 256-quadrature amplitude modulation (QAM) scheme and 50-MHz bandwidth.
In Section II, the envelope amplitude and phase shaping functions of envelope injected voltage are established to improve the in-band distortion and the out-of-band intermodulation of EIPA. A three-tone harmonic balance analysis, which involves the fundamental tones (ω 1 and ω 2 ) and the envelope tone (ω 2 -ω 1 ), is proposed to characterize the nonlinearity of EIPA. The envelope amplitude and phase shaping functions are demonstrated to achieve the symmetric and minimum third-order intermodulation (IM3) and the equal fundamental tones of EIPA. A fully monolithic SiGe BiCMOS heterojunction bipolar transistor (HBT) PA with the wideband linear amplifier is implemented and the corresponding envelope amplitude and phase shaping functions are determined in Section III. Measurements of in-band and outof-band characteristics, including power spectra, out-of-band noise, ACLR, current consumption, and EVM, demonstrate the linearity and noise improvements of the proposed driverstage EIPA for 5G application. Finally, conclusions are presented in Section IV.
II. THREE-TONE HARMONIC BALANCE ANALYSIS
The third-order intermodulation effect of PA is critical and is caused by the third-order transconductance (g m3 ) [31] , the second harmonic generation [32] , the memory effect [33] , and the drain/collector supply voltage [34] , [35] . The bias point V be is commonly used in the linearity technique of g m3 cancellation to improve the IMD3 of HBT PA [36] . However, the g m3 cancellation is conducted at a fixed supply voltage, and cannot be employed in different PA operation modes under various supply voltages [37] . The second harmonic termination to prevent the intermodulation effect at the PA output port was presented in [38] . Although the short-circuited LC harmonic termination reduces the second harmonic generation, the IM3 products at 2ω 1 -ω 2 and 2ω 2 -ω 1 may still be large. Moreover, the resonant frequency of the second harmonic termination is sensitive to process variation and this method is not suitable for the wideband PA design.
The in-band distortion and the out-of-band intermodulation in EIPA are generated by mixing the RF input signal and the injected envelope signal with various amplitudes and phases. To model the nonlinearity of EIPA, the threetone harmonic balance analysis with the fundamental tones (ω 1 and ω 2 ) fed into the PA base port and the envelope tone (ω 2 -ω 1 ) applied to the PA collector port is proposed. Fig. 2 shows the differential-type PA using the TSMC 3P6M 0.18-µm SiGe BiCMOS HBT technology, where the power transistor area of the power transistor is 10.16 µm × 0.6 µm × 64 (emitter length × emitter width × emitter stripes). The collector current i C (v BE , v BC ) of the power transistor is [39] 
where 
is the normalized majority base charge for the short transistor transit time, and I s , q, k, T , V A , and V B are the saturation current, elementary charge, Boltzmann constant, junction temperature, forward and reverse Early voltages, respectively. By using the bidimensional Taylor series of v BE and v BC , the output collector current of (1) becomes
where
n!k! is the binomial coefficient. The input three-tone signals v be and v ce with different phases and amplitudes are defined as
where φ 1 and φ 2 are the phases of the fundamental tones (ω 1 and ω 2 ) and φ 3 is the phase of the envelope tone (ω 2 -ω 1 ); A ω and E env are the amplitudes of the fundamental tones and the envelope tone, respectively. By substituting (3) and (4) into (2), the out-of-band intermodulation at 2ω 1 -ω 2 and 2ω 2 -ω 1 , i.e. the lower and higher IM3 terms of i C in (2), is
The in-band distortion at ω 1 and ω 2 , i.e. the lower and higher fundamental terms of i C in (2), is
Fundamental L/H
φ ω1 = φ 2 − φ 3 , and φ ω2 = φ 1 + φ 3 .
In (5) and (8) (3) and (4).
For the out-of-band intermodulation characteristic, the amplitude and phase of IM3 L/H _envelope calculated by (7) with various envelope amplitudes E env and envelope phases φ 3 are shown in Fig. 3(a) and Fig. 3(b) , respectively. Two fundamental tones with different phases φ 1 = 0 0 and φ 2 = 10 0 are utilized in (3) . For the fixed envelope phase φ 3 = −30 0 , Fig. 3 shows that the amplitude and phase of IM3 L/H _envelope vary with envelope phase φ 3 . When the envelope phase φ 3 is swept from -60 0 to -5 0 , the amplitudes of IM3 L_envelope and IM3 H _envelope are increased from 0.12 V to 0.25 V and 0.16 V to 0.25 V, respectively. Furthermore, the phase of IM3 L/H _envelope is varied from -60.5 0 to -5 0 for IM3 L_envelope and +50.5 0 to -5 0 for IM3 H _envelope .
To improve the in-band distortion by eliminating the asymmetric effect of the fundamental terms, the amplitude and phase of Fundamental L/H _envelope calculated by (10) are also investigated, as shown in Fig. 4(a) and Fig. 4(b) , respectively. Fig. 4(a) Fig. 4(b) , when the envelope amplitude E env is fixed at 0.8 V and the envelope phase φ 3 is varied from -60 0 to 0 0 , the phases and amplitudes of the Fundamental L_envelope and Fundamental H _envelope are varied with the envelope phase φ 3 . These calculated results in Fig. 3 and Fig. 4 (5) and (8) can be analytically evaluated to achieve the high-linearity EIPA performance. Fig. 5(a) and Fig. 5(b) show the simulated IM3 L and IM3 H phasor diagrams of the differential-type SiGe BiCMOS HBT EIPA (Fig. 2) operated at 25-dBm output power via the harmonic-balance analysis of Keysight Advanced Design System (ADS). When the 0.8-V envelope amplitude E env is utilized, the simulated IM3 L and IM3 H phasors (red solid line) with the envelope phase φ 3 swept from -97.2 0 to -61.2 0 with 9 0 step are depicted. Because the IM3 L/H _inherent (green dot-dashed line) is independent of φ 3 , the IM3 L/H _inherent keeps invariant. However, due to the opposite behavior of φ 3 among φ 2L = φ 2 − 2φ 3 , φ 2H = φ 1 + 2φ 3 , φ 3L = φ 1 − φ 3 , and φ 3H = φ 2 + φ 3 , the IM3 L_envelope (blue long dashed line in Fig. 5(a) ) rotates counterclockwise and IM3 H _envelope (blue long dashed line in Fig. 5(b) Fig. 2 for minimizing the symmetric IM3 L/H . Fig. 3 , and demonstrate that the IM3 L/H can be minimized and the asymmetry between IM3 L and IM3 H can be eliminated by controlling the EIPA with the specific envelope amplitude E env and the envelope phase φ 3 . Fig. 6 shows that the envelope amplitude and phase shaping functions with various output powers are established for the EIPA shown in Fig. 2 to obtain the symmetric and minimum IM3 L/H terms. Results show that the envelope injected voltage with the 0.8-V envelope amplitude E env and the -97.2 0 envelope phase φ 3 is chosen at the 25-dBm output power and is applied to the differential-type PA to symmetrically minimize IM3 L/H , which agrees with the results shown in Fig. 5(a) and Fig. 5(b) . To eliminate the IM3 L/H _inherent , the high envelope amplitude E env is required when the EIPA operated at the high output power. Hence, the presented envelope amplitude and phase shaping functions for the symmetric and minimum IM3 L/H indicate that the envelope amplitude E env and envelope phase φ 3 increases and decreases steeply for the output power increased from 12 dBm to 25 dBm, respectively.
In Fig. 7 , the simulated Fundamental L/H phasor diagrams are also investigated for the differential-type EIPA (Fig. 2) . For the PA operated at the 25-dBm output power with 0.8-V envelope amplitude E env , Fig. 7(a) and Fig. 7(b) show that the unequal-magnitude and unequalphase Fundamental L_inherent and Fundamental H _inherent are exhibited and keep constant when the envelope phase φ 3 is swept from -10.8 0 to -140.4 0 with 64.8 0 step. Moreover, due to the two opposite behaviors of φ ω1 = φ 2 − φ 3 and φ ω2 = φ 1 + φ 3 , the phasor diagrams of the Fundamental L_envelope and Fundamental H _envelope rotate clockwise and counterclockwise, respectively. In Fig. 7(c) , when the envelope phase φ 3 = −140.4 0 is chosen, the equal-magnitude and equal-phase Fundamental L and Fundamental H are achieved by adding up Fundamental L/H _inherent and Fundamental L/H _envelope . Fig. 8 shows that the envelope amplitude E env and the envelope phase φ 3 are invariant for the output power increased from 12 dBm to 18.5 dBm. When the output power is increased from 18.5 dBm to 25 dBm, the rapidly-ascend envelope amplitude shaping function and rapidly-descend envelope phase shaping function are required to improve the unequal effect of Fundamental L/H due to the nonlinearity of PA. Hence, these results demonstrate that the Fundamental L and Fundamental H can be equalized by determining the envelope amplitude E env and the envelope phase φ 3 from (8). Therefore, for the results shown in Figs. 3 to 8 , the specific envelope amplitude and phase shaping functions demonstrate the usefulness of the linearity improvement of EIPA by achieving the symmetric and minimum IM3 and the equal fundamental terms. Fig. 9 shows the schematic of the proposed driver-stage EIPA consisting of the wideband linear amplifier and the fully monolithic three-stage SiGe BiCMOS HBT PA. The PA comprises the input matching network, the driver stage 1 (DS1), the driver stage 2 (DS2), the inter-stage matching networks, the power stage (PS), and the twoway parallel power combining transformer. The emitter area of power transistor determined by the emitter length × emitter width × emitter stripes is 98 µm 2 , 195 µm 2 , and 1561 µm 2 for DS1, DS2, and PS, respectively. The PA is biased at the class-AB for good linearity and efficiency, i.e. V b1 = V b2 = V b3 = 0.8 V. The wideband linear amplifier using the dual-path crossover mechanism and the differential to the single-ended output circuit is fabricated in the TSMC 1P6M 0.18-µm CMOS standard technology to achieve the high efficiency and wide bandwidth characteristics [40] . By using Keysight ADS software, the simulated 430-MHz closed-loop 3-dB bandwidth and 50 0 phase-margin of the wideband linear amplifier operated at the 4-V supply voltage are achieved. Thus, the wideband linear amplifier is connected to the collector of DS2 for the proposed driverstage EIPA to improve the linearity. Fig. 10 shows the measurement setup and the photographs of the SiGe BiCMOS PA and the wideband linear amplifier, and they are mounted on an evaluation PCB board. Keysight N5182B MXG signal generator, Keysight 33622A waveform generator, and Keysight M9391A vector signal analyzer are utilized to construct the test bench for the 5G NR standard measurement. The 5G NR TDD modulation signal generated by Keysight N7631C signal studio is loaded to the MXG signal generator, and the envelope injected voltage with the envelope amplitude and phase shaping functions generated by Keysight N7614B signal studio is loaded to Keysight 33622A. The 5G NR modulated signal is fed into the input port of the PA, and the envelope injected voltage with the corresponding envelope amplitude and phase shaping functions is applied to the input port of wideband linear amplifier. The vector signal analyzer with Keysight 89600 VSA software is used to measure the power spectra, ACLR, and EVM of the 5G NR TDD modulation signal. Fig. 11 shows the measured IMD3 of the dc-supply PA, the power-stage EIPA (Fig. 1(b) without the digital predistortion and the switch amplifier), and the driver-stage EIPA (Fig. 1(c) ). The two-tone continuous sinusoidal signal with the 10-MHz tone spacing at the 2.35-GHz center frequency is utilized to examine the PA linearity. Fig. 11(a) depicts that the measured IMD3s of the dc-supply PA are asymmetric and the linear power with the -30-dBc IMD3 is 21.4 dBm. To improve the IMD3 asymmetry and increase the linear output power of PA, the power-stage EIPA and the driver-stage EIPA for various output powers are presented in Fig. 11(b) and Fig. 11(c) , and their corresponding envelope amplitude and phase shaping functions are illustrated in Fig. 12(a) and Fig. 12(b) , respectively. In Fig. 11(b) , the power-stage EIPA shows the 22.7-dBm linear output power with the -30-dBc IMD3. Because the nonlinear characteristic caused by the power stage of PA is significant when the output power is high, the inherent nonlinearity IM3 L/H _inherent of the powerstage EIPA cannot be effectively eliminated by the out-ofphase IM3 L/H _envelope . Hence, it is difficult to increase the linear output power by using the power-stage EIPA architecture. For the proposed driver-stage EIPA, the nonlinear IM3 L/H _inherent can be completely cancelled in front of the power stage to achieve the symmetric and low IMD3 at high output power, as shown in Fig. 11(c) . Compared to the results in Fig. 11(b) , the maximum linear output power of driverstage EIPA in Fig. 11(c) is increased from 22.7 dBm to 23.5 dBm for the -30-dBc IMD3 specification. Furthermore, compared with the dc-supply PA shown in Fig. 11(a) , the driver-stage EIPA with the envelope amplitude and phase shaping functions achieves the 13-dB IMD3 improvement at 23.5-dBm output power and the asymmetric IMD3 effect is also reduced from 20 dB to 0.1 dB at 19.4-dBm output power. Fig. 12(a) and Fig. 12(b) show the measured envelope amplitude and phase shaping functions of the power-stage EIPA and the driver-stage EIPA, respectively. Because the nonlinearity effect is significant in the power stage of PA, the high envelope amplitude is required to eliminate IM3 L/H _inherent . Hence, the envelope amplitude shaping function of the power-stage EIPA (blue curve in Fig. 12(a) ) increases steeply at the high output power from 19 dBm to 23.5 dBm. However, the rapidly-ascend amplitude shaping function, indicating the large envelope amplitude at high output power, results in the bandwidth and efficiency degradation of the power-stage EIPA. In Fig. 12(b) , the envelope amplitude and phase shaping functions of the wideband linear amplifier in the driver-stage EIPA are more reliable than those in Fig. 12(a) for the wide-bandwidth and highlinearity wireless applications. Hence, the proposed driverstage EIPA exhibits the symmetric IMD3 at high linear output power compared to the power-stage EIPA and the dc-supply PA. B. 5G SIGNAL WITH 256-QAM AND 50-MHz BANDWIDTH Fig. 13 shows the measured supply currents of the dc-supply PA and the driver-stage EIPA for the 5G NR TDD signal with 256-QAM and 50-MHz bandwidth at the 2.35-GHz center frequency. The supply voltages of DS1/DS2/PS are 3.5V/4V/3.5V for the dc-supply PA (V cc1 /V cc2 /V cc3 ) and the driver-stage EIPA (V cc1 /V dd /V cc3 ). Results depict that the supply currents of DS1 and PS of the driver-stage EIPA are almost the same as those of the dc-supply PA, and the supply current of EIPA DS2 is smaller than that of the dc-supply PA by 10 mA. At the 23.5-dBm output power, the PAE of drive-stage EIPA is increased form 13.9 % to 14.3 % compared to the dc-supply PA. Note that the 14.3-% low PAE in this paper is due to the power loss generated by the wire bonding and on-chip matching circuit in the standard SiGe BiCMOS process with the 305-µm substrate thickness and the 3.5-µm AlCu UTM metal layer. If the high-Q semiconductor process, such as GaAs and GaN, the trough-siliconvia technique, and the off-chip matching circuit are utilized to implement the PA, the PAE of the proposed driver-stage EIPA can be further increased.
III. LINEARITY MEASUREMENT

A. TWO-TONE CONTINUOUS SINUSOIDAL WAVE
In Fig. 14, the measured output power spectra of the dc-supply PA and the proposed driver-stage EIPA with the envelope amplitude and phase shaping functions are presented for 5G NR TDD signal. Fig. 14(a) shows the measured power spectra of the dc-supply PA and the proposed EIPA from 1.6 GHz to 3.1 GHz, where the result of the driver-stage EIPA using the linear amplifier and the switch amplifier is also included for comparison. The out-of-band noise level of the proposed driver-stage EIPA with the linear amplifier is lower than -50 dB. However, the significant out-of-band noise is generated by the switch amplifier of the driver-stage EIPA and the noise level of the driver-stage EIPA with the switch amplifier is 17-dB higher than that of the proposed driverstage EIPA at 1.9 GHz and 2.85 GHz. Moreover, for the PA operated at the average output power of 23.5 dBm, the ACLR of dc-supply PA is asymmetric as shown in Fig. 14 (b) . To obtain the symmetric ACLR performance, the envelope amplitude and phase shaping functions should be considered simultaneously in the proposed diver-stage EIPA. The ACLR asymmetry (|ACLR L -ACLR H |) of the dc-supply PA is 2.1 dB and that of the driver-stage EIPA is 0.5 dB at the 23.5-dBm average output power. Hence, the ACLR of the proposed driver-stage EIPA is minimized and its asymmetric characteristic is improved, which reduces the interference among neighbor WiFi 802.11b/g/n signal shown in Fig. 14 (b) . various average output powers are established in Fig. 16 . In Fig. 15(a) , the ACLR characteristic of dc-supply PA is asymmetric and the linear output power is limited to 21 dBm for the -30-dBc ACLR specification. In Fig. 15(b) , the proposed driver-stage EIPA shows that the ACLR is symmetric and the linear power can be further extended to 23.5 dBm for the -30-dBc ACLR, and the 5-dB ACLR improvement compared with dc-supply PA is achieved. To demonstrate the in-band performance of the proposed driver-stage EIPA, the EVM of 2.35 GHz 5G NR TDD signal with 256-QAM and 50-MHz bandwidth is also measured. Compared to the dc-supply PA, the EVM of the driver-stage EIPA is significantly improved by 1.3 % at the average output power of 23.5 dBm, as shown in Fig. 17 . The performance and comparison among the state-of-the-art wide bandwidth and high linearity PA, ETPA and EIPA studies are summarized in Table 1 .
IV. CONCLUSION
This study theoretically and experimentally demonstrates the novel driver-stage EIPA using the dual-path crossover wideband linear amplifier to deliver the excellent linearity and out-of-band noise improvements for 5G wireless system. The envelope amplitude and phase shaping functions of the wideband linear amplifier are investigated to enhance the linearity of the EIPA by controlling the envelope amplitude E env and the envelope phase φ 3 . To model the nonlinearity of the in-band distortion and the out-of-band intermodulation, the differential-type PA using the three-tone harmonic balance analysis is studied. The proposed driverstage EIPA with the optimized envelope amplitude and phase shaping functions achieves the 13-dB IMD3 improvement at 23.5-dBm output power and the asymmetric IMD3 effect is also reduced from 20 dB to 0.1 dB at 19.4-dBm output power. The dc-supply PA and the proposed driver-stage EIPA implemented in 0.18-µm SiGe BiCMOS technology are measured by 5G NR TDD modulation signal. The proposed driverstage EIPA without employing the power consuming and bandwidth limited digital predistortion achieves the improvements of 5-dB ACLR and 1.3-% EVM at the maximum average output power 23.5-dBm for the 2.35-GHz 256-QAM signal with 50-MHz bandwidth. By using the wideband linear amplifier with the specific envelope amplitude and phase shaping functions, this approach drastically reduces the 17-dB out-of-band noise and the complexity of the conventional envelope tracking system. Furthermore, the proposed driver-stage EIPA can be integrated into the nonlinear RF front-end modules with wide-bandwidth and high-linearity applications. 
